INTRODUCTION {#SEC1}
============

Human mitochondrial (mt) DNA is replicated by a minimal T7-like replisome that consists of the nuclear-encoded DNA polymerase γ, DNA helicase TWINKLE and mtSSB (single strand DNA binding protein) ([@B1]--[@B5]). TWINKLE is a ring-shaped hexameric/heptameric helicase with structural and amino acid sequence homology to bacteriophage T7 gp4 helicase/primase ([@B6]--[@B9],[@B10],[@B23]). Unlike T7 gp4, however, TWINKLE has lost its primase function due to amino acid changes in the N-terminal domains, but the N-terminal domains appear to still bind to ssDNA ([@B11]). The linker region between the N-terminal and C-terminal domains is involved in intra-subunit interactions in T7 gp4 and is conserved between T7 gp4 and TWINKLE ([@B9],[@B12]). Point mutations in the linker region of TWINKLE are associated with numerous mt diseases, including progressive external opthalmoplegia, infantile-onset spinocerebellar ataxia, premature ageing, dementia and certain types of cancer ([@B13]--[@B15]). In the mitochondria, TWINKLE mutations result in replication stalling and mtDNA depletion and deletions ([@B16]--[@B18]). The most common deletions are flanked by direct repeats ([@B19]), which indicates that DNA deletions may be caused by DNA recombination and slipped mispairing ([@B20]).

Previous biochemical studies have shown that TWINKLE and DNA polymerase γ along with mtSSB catalyze processive rolling circle DNA synthesis ([@B21]). On its own, however, TWINKLE has a poor DNA unwinding activity limited to short forked-duplex DNA, but this activity is enhanced in the presence of SSB ([@B22]). The poor unwinding activity of the isolated TWINKLE might be a way to prevent extensive DNA unwinding under situations where the helicase becomes uncoupled from the DNA polymerase. Alternatively, the poor unwinding activity observed *in vitro* could be due to DNA strand-annealing activity of TWINKLE that we have identified earlier ([@B23]), although the role of the annealing activity was not understood. Unlike the helicase activity that requires nucleotide triphosphate (NTP) hydrolysis, the DNA annealing activity is independent of NTP. A possible role of the DNA annealing activity could be in recombination where recombinase-mediated annealing of two ssDNA strands occurs during the strand exchange step. DNA recombination occurs in the yeast mitochondria and is reported in humans in specific organs such as the heart and brain ([@B24],[@B25]). However, the proteins catalyzing recombination in the human mitochondria are largely unknown ([@B26]). A recent report showed stress-induced recruitment of Rad51 recombinase into mitochondria ([@B27],[@B28]).

In this study, we show that TWINKLE on its own can catalyze DNA recombination reactions, including DNA strand-exchange and branch migration of four-way junction substrates. We demonstrate that the annealing activity of TWINKLE aids the strand-exchange reaction by catalyzing joint molecule formation between the recombining strands. The strand-exchange reaction is catalyzed by TWINKLE translocating along the 5′-tail strand of the fork DNA in an NTPase dependent manner while coupling dsDNA unwinding to DNA annealing between the recombining strands. Our findings suggest that TWINKLE may serve a dual role in mtDNA maintenance, both as a replicative helicase during leading strand synthesis and a recombinase, perhaps to aid the repair of double-stranded DNA breaks during replication.

MATERIALS AND METHODS {#SEC2}
=====================

Proteins {#SEC2-1}
--------

The C-His~6~-TWINKLE lacking the first 42 amino acids was purified as described ([@B23]). The untagged TWINKLE was purified using N-His~6~-SUMO-fused TWINKLE construct made using Champion pET SUMO expression system from Invitrogen and *Escherichia coli* Rosetta (DE3) cells. Briefly, cells were lysed using lysozyme (0.2 mg/ml) and repeated freeze-thaw cycles in liquid nitrogen after pellet resuspension in Buffer A (50 mM Tris Cl pH 7.1, 600 mM KCl, 1 mM ethylenediaminetetraacetic acid (EDTA), 10% Glycerol, 0.1% Tween, 0.2 mM 1.4-Dithiothreitol (DTT), 1 mM Phenylmethylsulfonyl fluoride (PMSF) and Roche protease inhibitor tablets). The cell lysate was clarified by centrifugation and precipitated with 65% ammonium sulfate. The ammonium sulfate pellet in Buffer A with 10 mM imidazole was loaded on the Ni-NTA column (GE Healthcare Life Sciences), which was washed with Buffer A with 60 mM imidazole and eluted with 60--350 mM imidazole gradient. Pure fractions were pooled and treated with Sumo-protease (1/100 mg/mg) for ∼16 h at 4°C in Buffer B (50 mM Tris Cl pH 7.9, 150 mM KCl, 5 mM EDTA, 10% Glycerol, 0.1% Tween, 5 mM DTT). The cleaved proteins were loaded on HiTrap Q-HP column (GE) in Buffer B with 200 mM KCl and the flow-through was concentrated and loaded on gel-filtration column (Superdex 200) in Buffer B with 600 mM KCl. Pure fractions were pooled and concentrated. Unless stated, TWINKLE concentration signifies hexamer concentration.

Nucleic acid substrates {#SEC2-2}
-----------------------

Oligodeoxynucleotides (Table [1](#tbl1){ref-type="table"}) were purchased from Integrated DNA Technologies (Coralville, IA, USA) and polyacrylamide gelelectrophoresis purified in 7 M urea, electro-eluted and ethanol precipitated. The morpholino oligo was purchased from Gene Tools. The DNA concentrations were determined from absorbance at 260 nm and their calculated extinction coefficients. The DNA was 5′-labeled using T4 polynucleotide kinase (New England Biolabs) and \[γ-^32^P\]ATP (Perkin-Elmer) and purified by size exclusion chromatography (Bio-Gel P-30, BIORAD). Duplex DNA substrates were generated by heating complementary strands to 95°C followed by slow cooling. Holliday junction (HJ) substrates were prepared by separately annealing h-r in one vial and b-x in another and then mixing equimolar amounts of each of the annealed products at room temperature for 30 min ([@B29]).

###### DNA oligonucleotides

  ---------------------
  ![](gkw098tbl1.jpg)
  ---------------------

Radiometric DNA unwinding, strand-exchange and Holliday junction resolution assay {#SEC2-3}
---------------------------------------------------------------------------------

For unwinding and strand-exchange reactions 2 nM fork DNA and 10 nM TWINKLE hexamer was preincubated in reaction buffer (50 mM Tris-Acetate pH 7.5, 0.01% Tween 20, 5 mM dithiothreitol, 1 mM EDTA) with 4 mM Uridine triphosphate (UTP) for 15 min at 30°C and the reaction was started by adding 6 mM free Mg-acetate and ssDNA (or morpholino) trap (the particular trap used is indicated in the figure legends). The reactions were incubated at 30°C for indicated times and stopped with 12× the reaction volume of quenching solution (100 mM EDTA pH 8.0, 1% sodium dodecyl sulphate (SDS), 0.5% bromophenol blue). The unwinding and strand-exchange experiments with the biotin-streptavidin tagged fork DNAs were performed under the same conditions as above except 12 μM of biotin was added at the start of the reaction with Mg-acetate and 43-nt ssDNA trap. The amount of remaining dsDNA and unwound ssDNA was quantified from native polyacrylamide gel (1 × TBE) using PhosphorImager and ImageQuant and fitted using Sigma Plot software.

The branch migration reactions were carried out by mixing equal volumes of TWINKLE (100 nM), DNA substrate (2 nM), UTP (4 mM) and EDTA (1 mM) with 6 mM free Mg-acetate in unwinding buffer. After indicated times at 25°C, reactions were quenched with SDS-EDTA solution and loaded on a 12% native polyacrylamide gel in 1× TBE buffer. Since the HJ substrates are extremely sensitive to temperature, the gels were subjected to electrophoresis at 4°C at 60 volt to prevent spontaneous resolution. The C-His~6~-TWINKLE and untagged TWINKLE behaved similarly in unwinding assays (data not shown). The data in Figures [1](#F1){ref-type="fig"}, [2A](#F2){ref-type="fig"}--[D](#F2){ref-type="fig"}, [6D](#F6){ref-type="fig"}--[G](#F6){ref-type="fig"} were carried out with C-His~6~-TWINKLE and the rest with the untagged TWINKLE. All the experiments were carried out at least twice and representative gels and plots are shown.

![DNA unwinding activity of the TWINKLE depends on trapping of the unwound strand by complementary ssDNA. (**A**) Twinkle was incubated with the fork DNA with UTP minus Mg(II) and reactions were initiated with Mg(II) plus and minus trap DNA. (**B**) Gel image shows the time course of 40-bp fork DNA strand separation in the presence and absence of 20 nM ssDNA trap (unlabeled 5′-tail strand, displaced-strand trap). (**C**) Left, DNA unwinding with dT~100~ trap (0--60 min) and right, DNA unwinding with displaced-strand trap (200 nM) added with the quenching solution. (**D**) Top, gel images shows the time course of DNA unwinding in the presence of 20 nM trap with Twinkle plus UTP (left), minus Twinkle (middle) and Twinkle plus UMPPNP (right). Bottom, quantitation of the gel images shows 5′-tail strand generation with an initial rate (exponential rate × amplitude) of 0.08 strand/min. (**E**) The unwinding efficiency depends on the trap concentration. The initial rates of DNA unwinding with displaced-strand trap at 2 nM (0.009 ± 0.002 strand/min), 20 nM (0.1 ± 0.01 strand/min), 200 nM (0.2 ± 0.006 strand/min) and 400 nM (0.19 ± 0.004 strand/min) is obtained from the kinetics. (**F**) The initial rates of DNA unwinding with unlabeled 3′-tail strand at 2 nM (0.03 ± 0.006 strand/min), 20 nM (0.04 ± 0.013 strand/min), 200 nM (0.04 ± 0.013 strand/min) and 400 nM (0.07 ± 0.03 strand/min) is obtained from the kinetics. The cartoons show Twinkle (ring) tracking on the 5′-tail strand of the fork DNA to displace the 3′-tail strand and simultaneously annealing either the 3′-tail strand to unlabeled displaced-strand trap (left, 1E), or the 5′-tail strand to the unlabeled 3′-tail strand (right, 1F). The standard errors (SE) of the initial rates are calculated from the SE of the exponential rates and amplitudes using the error propagation formula.](gkw098fig1){#F1}

![TWINKLE catalyzed strand-exchange reaction is affected by mismatches in the recombining strands. (**A**) Experimental design to observe the strand-exchanged product using a displaced strand trap (40-nt trap) that is complementary only to the duplex region of the 3′-tail strand. (**B**) Gel image shows the time course of 5′-tail strand release from the 50% GC fork by TWINKLE in the presence of 200 nM 40-nt trap. (**C**) Gel image shows the time-dependent generation of the radiolabeled 3′-tail strand annealed to the 40-nt trap. (**D**) Quantitation of the gel images shows close match between the rates (0.09 ± 0.02 strand/min) of 5′-tail strand release in (B), and accumulation of the strand-exchanged product in (C). (**E**) Gel images show the time-dependent 5′-tail strand release by TWINKLE in the presence of '0 mismatch Trap' (left image), '3-Ini mismatch Trap' with three consecutive mismatches (middle) or '6-Ini mismatch Trap' with six consecutive mismatches (right) in the initially unwound region at the fork junction, as shown in the cartoon. (**F**) Quantitation of the gel images in (E) shows the effect of mismatched traps on the kinetics of DNA unwinding. The initial rate of unwinding with no mismatched trap is 0.08 ± 0.01 strand/min and with three mismatched trap is 0.04 ± 0.01 strand/min. (**G**) Kinetics of 5′-tail strand release in the presence of the displaced-strand trap that contains 1 ('1-Int mismatch Trap') or two mismatches in the middle of the 40-bp region ('2-Int mismatch Trap'). The initial rate of unwinding with one mismatched trap is 0.04 ± 0.001 strand/min and with two mismatched trap is 0.02 ± 0.002 strand/min.](gkw098fig2){#F2}

Fluorescence anisotropy assays {#SEC2-4}
------------------------------

Fluorescence anisotropy measurements were carried out using FluoroMax-4 spectrofluorimeter (Horiba JobinYvon) in the unwinding buffer at 30°C. Fluorescein labeled 24-nt ssDNA (5 nM) was titrated with Twinkle until there was no change in fluorescence anisotropy (excitation at 494 nm and emission at 516 nm) and then the complex was titrated with increasing concentration of either the non-fluorescent ssDNA or the morpholino oligo. The reported errors are standard deviations.

RESULTS {#SEC3}
=======

Trapping of the displaced strand forces TWINKLE to choose unwinding of fork dsDNA over re-annealing of unwound strands {#SEC3-1}
----------------------------------------------------------------------------------------------------------------------

The mtDNA helicase TWINKLE requires a fork DNA to unwind dsDNA ([@B22]), but cannot efficiently unwind greater than 20 bp of dsDNA ([@B21]). A possible reason for the poor unwinding activity of the TWINKLE is the strand annealing activity, reported previously ([@B23]). Here we show that addition of ssDNA that can base pair with one of the unwound strands of the fork DNA tips the balance between unwinding and reannealing toward unwinding in a dramatic way. These *in vitro* unwinding assays were carried out with the 40-bp fork DNA substrates with 5′- and 3′-non-complementary ssDNA tails (Figure [1A](#F1){ref-type="fig"}). TWINKLE was preassembled on the fork DNA (radiolabeled 5′-tail strand) in the presence of UTP without Mg(II) and the unwinding reactions were initiated with Mg(II) plus and minus a ssDNA trap. The ssDNA trap (referred to as the displaced-strand trap) was the unlabeled 5′-tail strand, which will base pair with the displaced 3′-tail strand. The time courses show that TWINKLE unwinds the fork DNA in the presence of the displaced-strand trap added at the start of the unwinding reaction with Mg(II) (Figure [1B](#F1){ref-type="fig"}, +Trap lanes), but not in the absence of the trap (Figure [1B](#F1){ref-type="fig"}, −Trap lanes). Similarly, no unwinding was observed when dT~100~ ssDNA was used as the trap (Figure [1C](#F1){ref-type="fig"}, left) or when the trap was added at the end of the reaction with the quenching solution consisting of EDTA (Figure [1C](#F1){ref-type="fig"}, right).

To investigate whether the displaced-strand trap DNA itself was causing spontaneous separation of the strands of the fork DNA, we left out TWINKLE or used the non-hydrolyzable analog of UTP, UMPPNP that cannot power processive unwinding. More than 80% DNA unwinding was observed with TWINKLE and UTP in the presence of the trap (Figure [1D](#F1){ref-type="fig"}, left panel), but not in the absence of TWINKLE (Figure [1D](#F1){ref-type="fig"}, middle panel), and only 10% unwinding was observed in the presence of UMPPNP, (Figure [1D](#F1){ref-type="fig"}, right panel). This indicates that the trap is not spontaneously unwinding the fork DNA, but this reaction is actively catalyzed by TWINKLE.

In the above experiments, we used 2 nM of fork DNA and 20 nM of the displaced-strand trap, but we found that even stoichiometric 2 nM concentration of trap supported unwinding (Figure [1E](#F1){ref-type="fig"}). With lower amount of trap (2 nM), the amplitude or the yield of the unwound product was ∼30% as opposed to almost 100% with 20 nM and higher concentrations of trap. The initial rate of unwinding with 200 and 400 nM trap was twice as fast as the rate with 20 nM trap (Figure [1E](#F1){ref-type="fig"}).

Next, we investigated whether unwinding was supported by trapping of the 5′-tail strand of the fork DNA with unlabeled 3′-tail strand as the trap. In these experiments, we radiolabeled the 3′-tail strand of the fork DNA to detect its release as ssDNA. Compared to the efficiency of unwinding observed with the displaced-strand trap, the amplitude of unwinding was significantly less when the 3′-tail strand was used as the trap; moreover, higher concentrations of the trap DNA did not increase the unwinding yield (Figure [1F](#F1){ref-type="fig"}). This is consistent with the model where TWINKLE binds to the 5′-tail strand ([@B22]); hence, its presence on that strand sterically hinders base-pairing of the 3′-tail strand trap with the unwound 5′-tail strand. Overall, the results are suggesting that trapping of the displaced-strand, which is favored in the absence of steric hindrance by protein binding, aids the unwinding reaction catalyzed by TWINKLE, as shown in the cartoons in Figure [1E](#F1){ref-type="fig"} and [F](#F1){ref-type="fig"}. Accordingly, we have observed that TWINKLE can unwind a longer 70-bp fork DNA in the presence of the appropriate displaced strand trap (data not shown). Overall, the above results suggest that trapping of the displaced 3′-tail strand might be occurring concomitant with unwinding.

TWINKLE catalyzes DNA strand-exchange reaction {#SEC3-2}
----------------------------------------------

One way to confirm that TWINKLE is catalyzing concomitant unwinding and annealing is to detect the strand-exchanged DNA product. The expected products of the strand-exchange reaction with the displaced-strand trap are the free 5′-tail strand and the 3′-tail strand annealed to the displaced-strand trap (Figure [2A](#F2){ref-type="fig"}). We used a 40-nt ssDNA trap that lacks the 5′-tail region of 5\'-strand of the fork DNA to distinguish the fork DNA substrate from the strand-exchanged product when resolved by electrophoresis. When the 5′-tail strand of the fork DNA was radiolabeled, the unwinding product was the expected free 5′-tail strand, which increased in amount with increasing reaction time (Figure [2B](#F2){ref-type="fig"}). When the 3′-tail strand of the fork DNA was radiolabeled, the unwinding product was duplexed 3′-tail strand annealed to the 40-nt trap DNA (Figure [2C](#F2){ref-type="fig"}). The kinetics of free 5′-tail strand and duplexed 3′-tail strand products overlay closely (Figure [2D](#F2){ref-type="fig"}). Previously, we have shown that under the conditions of the unwinding assay, spontaneous annealing of the complementary strands of the fork DNA is a slow process; e.g. in 30 min we had observed only ∼5% annealing in the absence of TWINKLE as compared to nearly 90% annealing in the presence of TWINKLE ([@B23]). Therefore, annealing of the displaced-strand trap with the unwound 3′-tail strand is unlikely to be a passive event. These results indicate that TWINKLE is catalyzing a homologous strand-exchange reaction between the ssDNA trap and the unwound 3\'-tail strand by coupling DNA unwinding to annealing.

From here on, we refer to the trap-assisted DNA unwinding activity as the strand-exchange activity and the ssDNA trap as the invading strand.

Complementarity between the recombining strands is crucial for TWINKLE catalyzed strand-exchange reaction {#SEC3-3}
---------------------------------------------------------------------------------------------------------

To investigate the mechanism of strand-exchange catalyzed by TWINKLE, we introduced base changes in the invading strand to create mismatches with the complementary 3′-tail strand on the fork DNA. In one set, we introduced mismatches in the initially unwound region (Figure [2E](#F2){ref-type="fig"}, blue triangles in the trap strand in red). When the first 3-nt bases of the invading strand are mismatched, there is 50% reduction in the strand-exchange efficiency as compared to a fully matched invading strand (Figure [2F](#F2){ref-type="fig"}). When the first 6-nt bases of the invading strand are mismatched, there is no reaction (Figure [2F](#F2){ref-type="fig"}). Similarly, one or two mismatches in the middle of the invading strand decreased the efficiency of the strand-exchange reaction by 2--4-fold (Figure [2G](#F2){ref-type="fig"}).

When we deleted the first three nucleotides of the invading DNA that anneals to the initially unwound region of the fork DNA (−3 nt trap, Figure [3A](#F3){ref-type="fig"}), the unwinding yield reduced from 80% to 40% (with 20 nM trap) and the deletion of 6-nt reduced the unwinding yield to 10% (Figure [3B](#F3){ref-type="fig"}). Increasing trap DNA concentration recovered the unwinding yield with the −3 nt trap, but not with the −6-nt trap (Figure [3C](#F3){ref-type="fig"}). These results indicate that complementarity between the invading strand and first few nucleotide bases of the displaced strand of the fork DNA is important for efficient strand-exchange reaction.

![Effect of decreasing or increasing the homology region between the trap DNA and fork DNA on the strand-exchange reaction. (**A**) The 40-nt trap (designated '0') was extended by three nucleotides at the 5′-end ('+3 nt Trap') to match the bases on the 3′-tail of the fork DNA or 3 and 6-nt were deleted ('−3 nt Trap' and '−6 nt Trap', respectively) at the 5′-end so homology will initiate downstream from the unwinding region. (**B**) Kinetics of 5′-strand release by TWINKLE in the presence of 20 nM '40-nt Trap' (0.012 ± 0.003 strand/min), '−3 nt Trap' (0.005 ± 0.03 strand/min), '−6 nt Trap' (0.002 ± 0.003 strand/min), and '+3 nt Trap' (0.032 ± 0.002 strand/min). (**C**) The unwinding yield after 60 min of reaction with increasing trap DNA concentrations. (D) The 65-nt trap is completely complementary to the 3′-tail strand of the fork DNA. (**E**) Kinetics of DNA unwinding with 2 nM fully complementary trap with TWINKLE and UTP (9.3 ± 1 strand/min), with TWINKLE and without UTP (2 ± 0.12 strand/min) and without TWINKLE (0.08 ± 0.02 strand/min).](gkw098fig3){#F3}

Interestingly, when we extended the region of homology between the invading strand and the 3′-tail strand of the fork DNA by adding three additional nucleotides that would base pair to the region immediately upstream of the unwinding duplex DNA (+3-nt trap), the efficiency of the reaction increased by ∼2-fold (Figure [3B](#F3){ref-type="fig"}, yellow diamonds). These effects were observed both in a time course of unwinding at fixed trap concentration (Figure [3B](#F3){ref-type="fig"}) and in a trap DNA concentration manner (Figure [3C](#F3){ref-type="fig"}).

To further test this idea, we increased the complementarity between the invading strand and the 3′-tail strand, such that the invading strand can form a 25-bp long joint molecule with the 3′-ssDNA tail of the fork DNA prior to the strand-exchange reaction (Figure [3D](#F3){ref-type="fig"}). The strand-exchange reaction in the presence of the 65-nt invading strand is very fast and complete within 10 s (Figure [3E](#F3){ref-type="fig"}). We estimate that the strand-exchange rate with the fully complementary 65-nt strand is ∼900 times faster than the rate with the trap where only 40-nt region of the duplex fork is complementary (see reaction in Figure [1E](#F1){ref-type="fig"}). Interestingly, the fully complementary 65-nt invading strand spontaneously strand-exchanges with the 3\'-tail strand of the fork DNA in the absence of TWINKLE (Figure [3E](#F3){ref-type="fig"}). However, the spontaneous strand-exchange rate is 100 times slower as compared to the TWINKLE-catalyzed rate with UTP (Figure [3E](#F3){ref-type="fig"}). Interestingly, the TWINKLE-catalyzed strand-exchange rate without UTP is only five times slower as compared to with UTP (Figure [3E](#F3){ref-type="fig"}). This suggests that joint molecule formation is important and requires TWINKLE but not UTP, and once joint molecule is formed, the strand-exchange reaction can occur spontaneously, but the rate is much faster in the presence of TWINKLE. This is consistent with our previous studies that showed that TWINKLE catalyzes strand annealing in the absence of UTP ([@B23]). Taken together these results provide strong evidence that TWINKLE is catalyzing the reactions of strand-exchange and joint molecule formation by using its DNA unwinding and annealing activities.

The strand-exchange reaction catalyzed by TWINKLE requires interactions with the recombining strands {#SEC3-4}
----------------------------------------------------------------------------------------------------

To catalyze joint molecule formation, TWINKLE must bring the invading strand and the homologous strand in the fork DNA in close proximity. To understand the mechanism of joint molecule formation, we replaced either the invading or the displaced-strand with a morpholino nucleic acid. A morpholino nucleic acid has standard bases that can base pair in the same manner as the DNA, but the bases are attached to morpholine rings instead of deoxyribose rings and linked through phosphorodiamidate groups that lack negative charges as in the phosphates of DNA. First, we established that TWINKLE does not interact with the morpholino oligo using a competition binding experiment. Fluorescence anisotropy measures binding of TWINKLE to fluorescein-labeled ssDNA, as described previously ([@B23]). A complex of TWINKLE with fluorescein-labeled ssDNA was titrated with increasing concentration of either the unlabeled ssDNA or a morpholino oligo. The decrease in fluorescence anisotropy upon addition of unlabeled ssDNA indicates that the fluorescein-labeled DNA strand is exchanged with the unlabeled DNA strand. When the complex was chased with morpholino oligo, a very slight decrease in fluorescence anisotropy was observed even at very high concentrations close to 1 μM. This indicates that the morpholino oligo is unable to displace the fluorescein-labeled ssDNA strand bound to TWINKLE. These DNA competition experiments show that TWINKLE does not have affinity for the morpholino oligo (Figure [4A](#F4){ref-type="fig"}).

![TWINKLE interacts with both the displaced-strand trap and the homologous 3′-tail strand to catalyze the strand-exchange reaction. (**A**) Fluorescence anisotropy competition assay to assess the binding of Twinkle to morpholino oligo. A complex of Twinkle (represented by blue ring) and ssDNA labeled with fluorescein (represented by black line with 'F' at one end in the cartoon) was formed first by titrating the labeled ssDNA with increasing TWINKLE, then the complex was titrated either with increasing concentrations of unlabeled ssDNA or the morpholino oligo and fluorescence anisotropy was measured in each case. A drop in fluorescence anisotropy indicating the 'falling-off' of TWINKLE from the pre-bound fluorescein-labeled ssDNA was observed only with ssDNA and not with the morpholino oligo. (**B**) Gel image shows the time course of unwinding the DNA/morpholino hybrid fork with 18-bp duplex region (left) or the DNA/morpholino 5\'-overhang DNA with 25-bp duplex region (right). Quantitation shows about 3% unwinding in each case. (**C**) DNA unwinding in the presence of the morpholino oligo as trap. Kinetics of 5′-tail strand release from the 25-bp fork DNA in the presence of ssDNA 25-nt trap (0.045 ± 0.003 strand/min), ssDNA 60-nt trap (0.06 ± 0.006 strand/min) and morpholino oligo trap. The 60-nt trap is the unlabeled 5′ strand of the forked-substrate DNA.](gkw098fig4){#F4}

When the 3′-tail strand of the unwinding substrate was replaced with a morpholino oligo and reactions were carried out in the presence of the displaced-strand DNA trap, TWINKLE did not unwind the fork DNA (or a 5′-overhang DNA) (Figure [4B](#F4){ref-type="fig"} and [C](#F4){ref-type="fig"}). This is distinct from T7 gp4 helicase that unwinds the morpholino-DNA hybrid substrate ([@B30]). The results with TWINKLE indicate that the strand-exchange reaction requires interactions of TWINKLE with the 3\'-strand of the unwinding substrate. Next, we used a DNA fork substrate and morpholino oligo as the trap added with the Mg(II) at the start of the reaction. Again, there was no strand-exchange reaction by TWINKLE in the presence of the morpholino oligo trap (Figure [4C](#F4){ref-type="fig"}). These experiments indicate that the strand-exchange reaction requires interactions of the TWINKLE with both the invading strand and the homologous strand of the fork DNA.

TWINKLE translocates on the 5′-strand of the fork DNA to catalyze the strand-exchange reaction {#SEC3-5}
----------------------------------------------------------------------------------------------

To further characterize the mechanism of the strand-exchange reaction, the fork DNA substrate was modified with a site-specific biotin-streptavidin, which is a bulky adduct that can determine which strand TWINKLE translocates along during the strand-exchange reaction and whether the bulky adduct inhibits the strand-exchange reaction ([@B31]). In one experiment, the biotin tag was introduced on the 5′-tail strand in the middle of the 40-bp duplex region and we expected the following outcomes (Figure [5A](#F5){ref-type="fig"}): (i) the bulky adduct blocks the strand-exchange reaction, in which case no 5′-tail strand product will be detected, (ii) strand-exchange occurs but TWINKLE bypasses the streptavidin, in which case the 5′-tail strand product still bound to the streptavidin will be detected, (iii) strand-exchange occurs and TWINKLE displaces the streptavidin, in which case the 5′-tail strand product without streptavidin will be detected. These outcomes were distinguished by monitoring the reactants and products on a native polyacrylamide gel.

![TWINKLE both bypasses and displaces the streptavidin attached to the fork DNA strands. (**A**) The 5′-tail strand of the 40-bp fork DNA was modified with biotin-streptavidin (green) and strand-exchange reaction was carried out in the presence of the displaced-strand trap (+3-nt trap, Table [1](#tbl1){ref-type="table"}). (**B**) The gel image shows the time course of unwinding the 5′-tail strand biotin-streptavidin labeled fork DNA (left) and biotin-only fork DNA (right). (**C**) The kinetics of unwinding produces two types of 5′-tail strands, one with streptavidin bound (0.018 ± 0.005 strand/min) and one without streptavidin (0.003 ± 0.005 strand/min). (**D**) The kinetics of unwinding the 5′-tail strand streptavidin-biotin fork DNA (0.013 ± 0.003 strand/min) is compared to the biotin-only fork DNA (0.05 ± 0.002 strand/min). The fraction unwound represents total 5′-strand with and without streptavidin, which also corresponds to the substrate disappearance. (**E**) The gel image shows the time course of unwinding the fork DNA with biotin-streptavidin attached to the 3′-tail strand (left) and biotin-only fork DNA (right). The '\*' indicates a contaminant present in all the lanes. (**F**) The kinetics of unwinding the 3′-tail strand with biotin-streptavidin (0.02 ± 0.005 strand/min) is compared to biotin-only fork DNA (0.073 ± 0.005 strand/min).](gkw098fig5){#F5}

The biotin-streptavidin labeled DNA fork was incubated with TWINKLE plus UTP and reactions were initiated with a mixture of Mg(II), displaced-strand trap and excess of biotin. Streptavidin can bind up to four biotin molecules, which explains the two species, monomer and dimer, of the streptavidin-complexed fork DNA as two bands on the gel at zero time (Figure [5B](#F5){ref-type="fig"}). Upon reaction, there was a time-dependent increase of both the streptavidin-free and streptavidin-bound 5′-tail strand products. These results indicate that TWINKLE can both displace and bypass the streptavidin block on the 5′-tail strand. The greater yield and six times faster rate of streptavidin-bound product indicates that the probability of bypass is higher than displacement (Figure [5C](#F5){ref-type="fig"}). This type of passage over a barrier has been observed for other ring-shaped helicases, such as the T7 gp4 helicase and MCM, where it was suggested that transient ring opening occurs during unwinding that allows these helicases to go over bulky moieties along the way ([@B30],[@B32]). When we compare the strand-exchange rates of biotin-only fork DNA and streptavidin-biotin labeled fork DNA (Figure [5D](#F5){ref-type="fig"}), we find that the streptavidin adduct on the 5′-tail strand poses a barrier and slows the movement of the TWINKLE by about 4-fold.

On the other hand, when the biotin-streptavidin was introduced in the displaced 3′-tail strand, the major product is streptavidin-bound strand-exchanged product (Figure [5E](#F5){ref-type="fig"}). The small amount of streptavidin-free strand-exchanged product is produced from the small amount of fork DNA without streptavidin that was initially present in the reaction. This indicates that TWINKLE completely bypasses the bulky streptavidin on the 3′-tail strand during the strand-exchange reaction. Nevertheless, the 3-fold faster rate of unwinding the 3′-tail strand biotin-only fork DNA as compared to the 3′-tail strand streptavidin-biotin labeled fork DNA (Figure [5F](#F5){ref-type="fig"}) indicates that the bulky moiety on the displaced strand also inhibits the strand-exchange reaction. Overall, the experiments with the biotin-streptavidin modified fork DNAs indicate that TWINKLE catalyzes strand-exchange by translocating along the 5′-tail strand of the fork DNA while having some interactions with the 3′-tail strand, and it has the ability to both displace and bypass the streptavidin block on the translocating strand whereas it bypasses the block on the displaced strand.

TWINKLE catalyzes homologous branch migration reaction {#SEC3-6}
------------------------------------------------------

To determine whether TWINKLE can resolve a four-way Holliday Junction (HJ) DNA substrate, we designed a homologous HJ that was used to demonstrate branch migration activity of T7 gp4 helicase ([@B29]). A single heterologous base was introduced at the center of the four-way junction to prevent spontaneous branch migration. Two opposite arms of the HJ substrate are 20 and 25 bp long and contain 5′-dT~30~ ssDNA tail on one or both the arms and the other arms are 30 bp long. It has been previously demonstrated that fork DNA with duplex 5′-tail cannot be unwound by TWINKLE suggesting that ssDNA 5′-tail is required for loading the hexamer ([@B22]). The requirement of ssDNA for loading TWINKLE enables efficient loading of the helicase on the ssDNA tails of the HJ and prevents loading of additional helicases on the other duplex arms. We observe branch migration in the presence of TWINKLE and UTP (Figure [6A](#F6){ref-type="fig"}), but not in the absence of TWINKLE or in the absence of UTP (Figure [6A](#F6){ref-type="fig"} and [B](#F6){ref-type="fig"}). Similarly, we observe branch migration in HJ with two ssDNA tails on opposite arms (Figure [6C](#F6){ref-type="fig"}). The rate of HJ resolution is two times faster when the HJ has two dT~30~ tails as opposed to one dT~30~ tail (Figure [6D](#F6){ref-type="fig"}). These results indicate that TWINKLE like other hexameric helicases can catalyze the branch migration reaction.

![TWINKLE catalyzes homologous branch migration reaction. (**A**) Gel image shows the time course of HJ resolution of a substrate with one ss-DNA 5′-tail with and without TWINKLE in the presence of MgUTP. (**B**) Gel image shows control reactions where no HJ resolution was observed in the absence of UTP and absence of TWINKLE. (**C**) Gel image shows HJ resolution of substrate with two ssDNA 5′-tails in opposite arms. (**D**) The gels in (**A** and **C**) are quantified to obtain the rate of HJ resolution of a substrate with one ss-DNA tail (0.05 ± 0.002 strand/min) and two ssDNA tails (0.02 ± 0.001 strand/min).](gkw098fig6){#F6}

DISCUSSION {#SEC4}
==========

In this study, we show that TWINKLE has four DNA modifying activities: strand separation, strand annealing, strand-exchange and branch migration. Only the DNA strand separation activity is needed for leading strand synthesis, which is catalyzed by the replisome complex of TWINKLE with polymerase γ and mtSSB ([@B21]). However, all four enzymatic activities of TWINKLE would be needed for recombinational repair of double strand breaks. The mtDNA undergoes extensive oxidative damage from reactive oxygen species continuously generated as a byproduct of the respiratory process in the mitochondria ([@B33],[@B34]). The resulting base modifications and nicks in DNA cause replication fork arrest and collapse with deleterious consequences, if not repaired. In nuclear DNA, recombinational repair is a major pathway for repair of collapsed and arrested replication forks where sequence information from sister chromosome or the other parental DNA is used to restart the replication fork ([@B35]--[@B37]). Much is known about base excision repair and mismatch repair pathways in the human mitochondria ([@B38]), however little is known about recombinational repair.

Recombinational repair involves a series of steps, including strand separation and recession of the DNA break to create a single-stranded 3′-end for the strand invasion into a homologous dsDNA coupled to DNA unwinding and synthesis, and subsequently branch migration to resolve the products. The mt enzyme ExoG is a 5′-3′ nuclease associated with polymerase γ whose depletion causes persistent single strand breaks in mtDNA and this nuclease might be involved in the DNA recession reaction ([@B39],[@B40]). The 3′-strand invasion is a recombination reaction and the RecA homolog Rad51 is a key protein that catalyzes this reaction in nuclear DNA. Interestingly, Rad51 was recently reported to localize into mitochondria under oxidative stress conditions ([@B28]). We show here that TWINKLE has strand-exchange activity of its own suggesting that TWINKLE may be involved in this reaction, either on its own or with Rad51.

To our knowledge, TWINKLE is the first replicative ring-shaped helicase with demonstrated strand-exchange activity of its own. The homologous T7 gp4 helicase catalyzes strand-exchange reaction, but only in the presence of the gp2.5 protein which also aids in joint molecule formation ([@B41]). Similarly, phage T4 helicase works with the UvsX recombinase ([@B42]) and herpes simplex virus type-1 helicase with ICP8 ([@B43]) to catalyze recombination. Joint molecule formation is critical for efficient strand-exchange reaction and TWINKLE is unique among these replicative helicases in that it contains a DNA strand annealing activity that aids in joint molecule formation. We show that a short region of homology between the invading ssDNA and the 3′-ssDNA tail of the fork DNA greatly increases the strand-exchange rates. When the homology region is 25 bp long, strand-exchange reaction rates are much faster. Increasing the homology length also promoted spontaneous strand-exchange reaction, but the TWINKLE-assisted reactions with UTP were ∼100-fold faster. The strand-exchange reaction by TWINKLE was sensitive to base pair mismatches, and both internal mismatches and mismatches and deletions near the initiation site affected the strand-exchange rates. One and two mismatches slowed the strand-exchange reaction and six mismatches drastically inhibited the reaction. The impact of internal mismatches on the rate of strand-exchange is not as dramatic as caused by initial mismatches. Lack of homology in the initially unwound region shows a drastic effect most likely because this homology is used by TWINKLE to recruit the displaced strand trap to base pair with the 3′-tail strand of the fork DNA substrate and initiate the strand-exchange reaction. If the invading strand was passively annealing to the displaced 3′-tail strand after it was completely unwound, we would not see such drastic effects from few mismatches over the 40-bp duplex region. It also appears that the unwinding and annealing are coupled at the base pair level, meaning that if annealing over one or two base pairs cannot occur, then the unwinding reaction is inhibited.

Although the detailed mechanism of how TWINKLE couples its unwinding activity to annealing during catalysis of strand-exchange remains to be determined, our studies have provided important new insights into the role of TWINKLE in mtDNA manipulations. We found that the strand-exchange reaction was sensitive to backbone modifications in the recombining strands. When the invading ssDNA was substituted with morpholino backbone DNA, the strand-exchange reaction was completely inhibited. Similarly, when the 3′-tail strand of the fork DNA was substituted with morpholino backbone DNA, the reaction was inhibited. This is in contrast to T7 gp4, which efficiently unwinds the 3′-morpholino backbone DNA ([@B30]). The results indicate that TWINKLE interacts with both the recombining strands during the strand-exchange reaction. Insights into how TWINKLE translocates on the fork DNA to unwind and strand-exchange were obtained from the streptavidin displacement assays. TWINKLE can displace streptavidin from biotin attached to ssDNA (data not shown). During the strand-exchange reaction, TWINKLE both displaces and bypasses the streptavidin on the 5′-tail strand, but only bypasses the streptavidin on the 3′-tail strand. This is consistent with 5′-3′ directionality of translocation and indicates that during strand-exchange TWINKLE threads the 5′-tail strand through its central channel and excludes the 3′-tail strand, similar to T7 gp4 unwinding by the strand-exclusion mechanism ([@B44],[@B45]). Interestingly, like T7 gp4 ([@B30]), the TWINKLE ring can transiently open to bypass the streptavidin adduct on the translocating strand. We had proposed that the N-terminal domains of TWINKLE might be the secondary DNA binding sites involved in DNA annealing ([@B23]). Although the N-terminal domains of TWINKLE have lost the primase function, they may bind ssDNA ([@B11]). However, whether the N-teminal domains of TWINKLE have acquired a new function of DNA strand annealing to aid strand-exchange remains to be tested.

In addition to strand-exchange reaction, TWINKLE also catalyzes branch migration reaction on four-way HJ substrates. This activity is observed in many hexameric helicases, including T7 gp4, T4 gp41 and bacterial DnaB ([@B29],[@B46],[@B47]). However, the combination of strand-exchange and branch migration activities of TWINKLE is uniquely suitable for catalyzing recombinational repair of double-strand DNA breaks during replication. Evidence for TWINKLE being involved in recombination comes from studies of transgenic mouse model expressing TWINKLE mutants, which accumulate multiple mtDNA deletions and show elevated replication stalling ([@B17],[@B48]). We speculate that the linker region mutations associated with mt-related diseases cause dysfunctions in the DNA modifying activities of the TWINKLE to increase the chances of DNA mispairing during recombination. The linker region is conserved between T7 gp4 and TWINKLE, and homologous mutations in ther linker region of T7 gp4 show helicase-deficiency, either from defects in DNA binding or uncoupled/defective NTP hydrolysis ([@B49],[@B50]). One such mutant of T7 gp4, the A257T is analogous to the A359T mutant of TWINKLE, and its detailed characterization reported earlier revealed that the unwinding defect was due to its inability to load on the fork DNA ([@B51]). The DNA loading defect was partially rescued by T7 DNA polymerase, which interacts with T7 gp4. One can imagine that such defects in DNA loading would increase the chances of slipped mispairing by delaying replication fork restart. Detailed studies of recombinational repair by the mt replisome are necessary to understand this novel function of the TWINKLE helicase.
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